To estimate genetic influences accounting for macular thickness in the Korean population. METHODS. Study subjects were 830 healthy Korean adults (117 monozygotic twin pairs and 523 family members) from the Healthy Twin study. Macular thickness was measured with optical coherence tomography for nine subfields including the fovea, four inner quadrants (within 1 to 3 mm of the center), and four outer quadrants (within 3 to 6 mm of the center). Quantitative genetic analyses were performed to estimate the heritability of macular thickness with respect to familial correlations. RESULTS. Macular thickness varied by subfield and was thinnest at the fovea and thickest at the inner superior area. Heritability of macular thickness at each subfield was 0.76, 0.73, 0.70, 0.56, 0.67, 0.70, 0.73, 0.29, and 0.36 at the fovea, inner superior area, inner inferior area, inner nasal area, inner temporal area, outer superior area, outer inferior area, outer nasal area, and outer temporal area, respectively. CONCLUSIONS. Genetic factors play a significant role in determining macular thickness in the Korean population. (Invest Ophthalmol Vis Sci. 2011;52:9523-9526) 
M acular thickness is a valuable index in the diagnosis and treatment of macular edema and macular degeneration. It has been associated with visual prognosis in many retinopathies, and has provided critical information regarding the therapeutic effects of intravitreal drug injection or laser treatment for choroidal neovascularization or macular edema of various retinal pathologies. [1] [2] [3] However, macular thickness has been found to vary significantly, even among healthy individuals, and little is known about the responsible factors, with the exceptions of age 4 -6 and ethnicity. 7, 8 With regard to sex, macular thickness tended to be thicker in males than that in females in some studies, 9 -11 whereas such differences were not evident in other studies. 12, 13 Recently, genetic factors have been suggested to play an important role in accounting for the age-adjusted variance of macular thickness in twin studies. 14, 15 Twin studies offer ideal opportunities to examine the extent of genetic and environmental contributions to a trait. The significantly greater intrapair correlation for monozygotic twins than that for dizygotic twins indicates the greater contributions of genetic factors than those of environmental factors. Elucidating the genetic component of a trait in the general population is very important because this may provide clues for effective gene searching. To date, there have been only two twin studies of macular thickness. One was an Australian study of 109 twin pairs of European descent (ranging in age from 50 to 80 years) in which correlations of retinal thickness within monozygotic twin pairs were greater than those within dizygotic twin pairs for foveal, inner, and outer macular regions. 14 Heritability in this sample was Ͼ80% in all macular regions. 14 The other such study was a British twin study of 155 female twin pairs (ranging in age from 17 to 50 years), which evaluated central retinal thickness. 15 The British study reported similar findings of greater correlations within monozygotic twin pairs than in dizygotic pairs; heritability was estimated at 90% in the study. However, the genetic contribution to macular thickness has never been studied in an East Asian population.
In the present study of healthy community-dwelling Korean twins and family members, we estimated the degree of genetic influence accounting for the variation in macular thickness.
METHODS
The study subjects were participants in the Healthy Twin Study who underwent eye examinations in the Department of Ophthalmology at Samsung Medical Center between May 2007 and January 2009. Details of the study design and protocol of the Healthy Twin Study were published previously. 16 In brief, the Healthy Twin Study has been conducted in a community setting as part of the Korean Genome Epidemiology Study since 2005, and has recruited Korean adult twins and their family members through nationwide media advertisements and mailings without any ascertainment of baseline health status of the participants. The zygosity of participating twin pairs was identified by 16 short tandem repeat (STR) markers (15 autosomal markers and one sex-determining marker) in 67% of the twin pairs. For the remaining 33%, zygosity was determined based on a self-administered zygosity questionnaire, which was validated to be 94.3% accurate by an STR marker study. 17 We measured macular thickness in each participant using optical coherence tomography (OCT; Stratus model, Carl Zeiss Meditec, Inc., Dublin, CA). OCT is a cross-sectional tomographic imaging technology and one of the most valuable noninvasive techniques for measuring retinal thickness with acceptable accuracy and reproducibility. 18 -21 The introduction of OCT has enabled researchers and clinicians to reliably detect and measure small changes in macular thickness and to monitor a variety of macular diseases. We scanned both eyes of participants with a fast macular thickness map protocol using a 6-mm display diameter. We also used the retinal border detection algorithm contained in the commercial OCT software (Stratus OCT, Carl Zeiss Meditec). Macular thickness was automatically calculated as the distance between the vitreoretinal interface and the junction of inner and outer photoreceptor segments. 22 A single well-trained operator screened all OCT scans during the scanning process. If the scans were too high or too low, scans with missing data, or any mismatch of retinal layer boundaries with the visible tissue contour were found, rescanning was done.
Quantitative thickness measurement of the macula was performed at several locations including the fovea, four inner quadrant subfields (within 1 to 3 mm of the center), and four outer quadrants subfields (within 3 to 6 mm of the center).
To identify any retinal pathology, digital retinal imaging (TRC-50IX; Topcon Corp., Tokyo, Japan) was performed for all participants and axial length was measured by corneal touch A-scan ultrasonography (Model 820; Allergan-Humphrey, San Leandro, CA).
OCT images of both eyes were obtained in 926 persons after pupil dilation. Among these 926 persons, a total of 169 persons were excluded for the following reasons: 1 was identified to be genetically unrelated to his or her family, 15 had low (Ͻ5) OCT signal strength in scans of both eyes, 6 exhibited highly skewed macular thickness caused by an unrecognized scanning error with motion artifact, 12 had either a history or evidence of pathologic features in the retina or treated retinal disease, 3 had glaucoma, 59 had known diabetes mellitus or a fasting glucose level higher than the cutoff level for diabetes mellitus (fasting serum glucose level Ն 7.0 mmol/L), and 73 were missing for axial length data. As such, 757 persons were ultimately included in this analysis, with 117 pairs of monozygotic twins, 356 sibling, and 167 parents.
All participants provided written informed consent. The study protocol was approved by the institutional review board of the Samsung Medical Center and adhered to the tenets of the Declaration of Helsinki.
Statistical Analysis
Because age, sex, and axial length may be closely associated with macular thickness, 5,10,23-25 the residual variance of each OCT measurement was estimated after adjusting for these variables using a linear regression model. Next, OCT intraclass correlation coefficients were calculated within monozygotic twin pairs, sibling pairs, and parentchild pairs after inverse normal transformation of the residual variances. For this intraclass correlation estimation, dizygotic twins were combined with siblings to avoid random variation due to the small numbers.
To estimate the heritability of macular thickness, we fitted a variance decomposition model to partition the total phenotypic variation of macular thickness measures into additive genetic (␦a 2 ), shared environmental component within a family (␦c 2 ), and individual specific unique environmental components (␦e 2 ). 26 The key assumption of this model is that the effects of shared environmental factors are common to the members of a family and that the three factors (␦a 2 , ␦c 2 , and ␦e 2 ) have independent and additive effects on the trait variance. Thus, the total residual variances are the sum of the additive and individual specific variance components (␦p 2 ϭ ␦a 2 ϩ ␦c 2 ϩ ␦e 2 ). Heritability (h 2 ) in the narrow sense was calculated as the ratio of the additive component and the total variance (␦a 2 /␦p 2 ), which represents the proportion of residual variance attributed to additive genetic factors. Age, sex, and axial length were adjusted for the heritability estimation. The Sequential Oligogenic Linkage Analysis Routines program (SOLAR, ver. 2.0; Southwest Foundation for Biomedical Research, San Antonio, TX) 27 was used for quantitative genetic analyses. Table 1 displays the demographic characteristics and macular thicknesses of the study participants at each subfield. Average macular thickness was lowest at the fovea and highest at the inner superior subfield. Overall, macular thickness was higher at the inner subfields compared with the outer subfields. Table 2 shows the estimated heritability of macular thickness at each subfield and the intraclass correlations of macular thickness within monozygotic twin pairs, parent-child pairs, and sibling pairs. The intraclass correlations of macular thickness within the monozygotic twin pairs were more than twice those of parent-child pairs and sibling pairs at most subfields, with the exceptions of the outer nasal and outer temporal areas. Age, sex, and axial length accounted for 2-20% of the variations in macular thickness.
RESULTS
Heritability of macular thickness at each subfield after adjusting for age, sex, and axial length were 0.76, 0.73, 0.70, 0.56, 0.67, 0.70, 0.73, 0.29, and 0.36 at the fovea, inner superior area, inner inferior area, inner nasal area, inner temporal area, outer superior area, outer inferior area, outer nasal area, and outer temporal area, respectively.
DISCUSSION
In this study of Korean twins and family members, genetic factors were found to play a significant role in determining macular thickness in a normal Korean population.
Familial aggregation of risk factors of a disease is an important clue for elucidating causes of the disease 28 ; studies involv- ing twins can provide strong evidence of genetic effects by helping to distinguish genetic influences from environmental influences. The hitherto reported heritability of macular thickness has been obtained from twin studies in Western populations. 14, 15 Our study is the first East Asian study to investigate the genetic effects on macular thickness in twins and their family members. Although direct comparison of the heritability of macular thickness at all subfields is not possible due to the difference in observed subfields between studies, consistently high heritability of macular thickness at the foveal region (i.e., 85% in an Australian study, 14 90% in a British study, 15 and 76% in the present Korean study) supports the presence of specific genetic factors that control macular thickness. In addition, given the high degree of heritability of macular thickness observed in normal persons, retinal pathology related to macular thickness is likely to be controlled by genetic factors. The estimated heritability from a twin-only study may be inflated if dominant genetic effects exist. Therefore, a study using both twins and extended families provides a more accurate estimation of heritability because the extended family study can take into consideration various family relationships with different genetic correlations. As such, the heritability of macular thickness in this Korean sample was slightly lower than that in the previous British and Australian twin studies.
Macular thickness varied across subfields in the present study. It was thickest at the superior and inferior quadrants of the inner zone. Variation in macular thickness has been consistently described in previous studies and presumably occurs due to the superior and inferior arcuate bundling of nerve fibers. 11, 29 In the outer zone, we observed that macular thickness was thickest in the nasal quadrant, which is consistent with the anatomic relationships of converging nerve fibers at the optic disc.
This study was not without limitations. First, because the zygosity of twin pairs was determined by a zygosity questionnaire in 33% of the twin pairs, misclassification bias may have affected our estimates. However, given that the zygosity questionnaire was found to be 94.3% accurate, it is unlikely that residual misclassification effects biased our findings. Although we estimated heritability with adjustments for age and sex, there could be additional unmeasured covariates other than genetic factors that may influence macular thickness. Second, although inaccurate retinal boundary detection may happen in the OCT scan (Stratus), a study on this issue found no significant difference in retinal thickness between manual and automated measurements in normal eyes. 30 Given that the participants of our study were all with normal eye condition, significant bias from inaccurate retinal boundary detection seems less likely. Third, there could be an argument about OCT scan protocol. The fast macular thickness map protocol we used is the most widely used of protocols in clinical practice and many studies because of its less time-consuming characteristics, notwithstanding that it often provides low resolution. Previous studies reported that both fast macular thickness map and radial line protocols provide similar and low segmentation errors and their automated results were close to those of manual measurements except for patients with exudative agerelated macular degeneration. 31, 32 Given that our study enrolled only healthy subjects, measurement of macular thickness using the fast macular thickness map protocol does not seem to cause significant bias.
In conclusion, the present Korean twin and family study reconfirmed the high heritability of macular thickness as previously described in Western samples. This finding suggests that genetic factors have significant effects on macular thickness. 
